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tions, an autoinflammatory syndrome, inflammatory bowel disease (IBD)-like symptoms, myopathy and cardiomyopathy associated with amylopectinosis (26) , or amylopectinosis and myopathy alone (38, 39) . HOIP deficiency results in a similar immune disorder (24) , whereas SHARPIN-deficient patients have not been described thus far.
In mice, HOIP deficiency results in embryonic lethality (40) , whereas SHARPINdeficient mice are viable but suffer from a chronic proliferative dermatitis (41) (42) (43) . These observations suggest that, while the three proteins function together within the LUBAC, cell type-specific or LUBAC-independent functions may exist for the individual proteins in vivo. Two recent studies have shown that mice fully deficient for HOIL1 also die during embryogenesis (44, 45) . However, expression of the N-terminal half of HOIL1 at approximately 10% of wild-type levels is sufficient to confer viability, and these mice (Hoil1 Ϫ/Ϫ mice hereafter) appear to be phenotypically normal when housed under specific-pathogen-free conditions, except for amylopectinosis in the cardiac tissue of older animals (23, 34, 45) . In response to infection, we found previously that Hoil1 Ϫ/Ϫ mice exhibit increased mortality upon infection with some bacterial pathogens, but enhanced control of others (23) . With regard to viral pathogens, reactivation of murine gammaherpesvirus 68 from latency is suppressed in Hoil1 Ϫ/Ϫ mice, correlating with elevated type II IFN and proinflammatory cytokine production (23) . Others have shown that SHARPIN-deficient mice display increased susceptibility to influenza A virus infection due to impaired TLR3-mediated antiviral response and enhanced TLR3-induced cell death (43) .
At the cellular level, LUBAC is essential for efficient NF-B activation downstream of many important immune receptors, including TLRs, tumor necrosis factor receptor 1 (TNFR1), and interleukin 1 receptor 1 (IL1R1) (22, 27, 46, 47) , and for activation of the NLRP3 inflammasome (48) . In contrast, LUBAC has been shown to inhibit RIG-I signaling and type I IFN induction during Sendai virus (SeV) and vesicular stomatitis virus (VSV) infection in cultured cells through several independent mechanisms (49) (50) (51) (52) (53) . Together, these studies indicate that, while required for proinflammatory cytokine production, LUBAC inhibits IFN induction by the RIG-I pathway during infection with negative-sense single-stranded RNA [(Ϫ)ssRNA] viruses.
Here, we show that HOIL1 is essential for the induction of type I and III IFNs after infection of cells with positive-sense ssRNA [(ϩ)ssRNA] viruses, MNoV and Theiler's murine encephalomyelitis virus (TMEV), two viruses that are primarily sensed by MDA5 (18, 54) . Defects in IFN induction were associated with impaired IRF3 and TBK1 phosphorylation during MNoV infection, with comparable levels in HOIL1-and MDA5deficient cells, indicating that HOIL1 and the LUBAC are required for MDA5-dependent IFN induction. In contrast, neither HOIL1 nor MDA5 was required for IFN induction after infection with (Ϫ)ssRNA viruses, SeV and VSV. Furthermore, we show that HOIL1 regulates acute and persistent norovirus infection, as well as the dependence of MNoV CR6 on the commensal microbiota to establish persistent infection in mice in vivo, similar to IFNLR, IRF3, and STAT1 (5) . These findings identify a novel role for HOIL1 in the MDA5-dependent IFN response to an RNA virus.
RESULTS
HOIL1 regulates persistent MNoV infection and dependence upon the commensal enteric microbiota. Since HOIL1 plays important roles downstream of many immune signaling pathways, including TLRs, Nod-like receptors (NLRs), and several cytokine receptors, we considered the possibility that HOIL1 may regulate the complex interaction between the host, commensal bacteria, and MNoV persistence. To test this hypothesis, Hoil1 Ϫ/Ϫ and control mice received a broad-spectrum cocktail of antibiotics for two weeks prior to inoculation with MNoV CR6. While antibiotic pretreatment prevented MNoV persistence in control mice as expected, antibiotic-treated Hoil1 Ϫ/Ϫ mice were robustly infected as measured by viral genome copies in both stool and tissue samples 14 days postinfection (dpi) ( Fig. 1A and B ). Notably, even in the absence of antibiotic pretreatment, Hoil1 Ϫ/Ϫ mice exhibited elevated persistent viral loads in stool and intestinal tissue samples. Hoil1-deficient mice thus phenocopy Ifnlr1-, Stat1-, and Irf3-deficient mice for effects on viral replication and a role in microbiome control of persistent norovirus infection (5) , suggesting that HOIL1 functions in the IFN-pathway.
To determine whether HOIL1 is required for IFN-signaling and antiviral effects, persistently infected control and Hoil1 Ϫ/Ϫ mice were treated with recombinant IFN-at a dose sufficient to induce clearance of persistent MNoV CR6 infection in wild-type mice (7) (Fig. 1C ). Despite higher viral loads in Hoil1 Ϫ/Ϫ mice, IFN-induced MNoV clearance in these mice similar to control mice (Fig. 1C ). In contrast, IFN-treatment had no effect on viral levels in mice deficient for STAT1, a transcription factor essential for IFNsignaling ( Fig. 1D ). These data indicate that HOIL1 is not required for antiviral signaling downstream of IFNLR in vivo.
HOIL1 is required for induction of type I and III IFNs in response to MNoV infection in vitro. Since HOIL1 is not required for the antiviral effects of IFN-, but IFNand HOIL1 regulate MNoV infection in vivo, we asked whether HOIL1 is necessary for the induction of IFN-in response to MNoV infection. Dendritic cells are considered to be an important site for MNoV replication in vivo and support viral replication in vitro (55) (56) (57) . Therefore, control and Hoil1 Ϫ/Ϫ bone marrow-derived dendritic cells (BMDCs) were infected with MNoV CR6 in vitro, and expression of transcripts encoding IFN-and IFN-␤ were measured by quantitative reverse transcription-PCR (qRT-PCR) over 12 h. While expression of both type I and III IFNs was substantially upregulated in control cells, IFN--encoding transcripts were not detected, and IFN-␤-encoding transcripts FIG 1 HOIL1 regulates the dependence of MNoV infection on commensal bacteria, but not its sensitivity to IFN-treatment. (A and B) MNoV genome copies detected in stool 7 days (A) or detected in ileum, colon, and mesenteric lymph nodes (MLN) 14 days (B) after MNoV CR6 inoculation of wild-type and Hoil1 Ϫ/Ϫ mice pretreated with antibiotics (Abx) (vancomycin, neomycin, ampicillin, and metronidazole) for two weeks. Each symbol represents the value for an individual mouse. There were five to nine mice per group. Data are from three independent experiments. Results were analyzed by one-way analysis of variance (ANOVA) with Tukey's multiple-comparison test. (C and D) MNoV genome copies in stools of wild-type and Hoil1 Ϫ/Ϫ (C) or Stat1 Ϫ/Ϫ (D) mice persistently infected with MNoV CR6 and treated by intraperitoneal injection of 25 g of IFN-or PBS 21 days postinfection (vertical black arrows). Results were analyzed by two-way ANOVA with Tukey's multiple-comparison test. There were 7 to 14 mice per group, and data are from two to three independent experiments. The limit of detection is indicated by dashed lines in the graphs. Values that are significantly different by ANOVA are indicated by bars and asterisks as follows: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001. Values that are not significantly different (P Ͼ 0.05) by ANOVA are indicated (NS).
were approximately 100-fold lower in Hoil1 Ϫ/Ϫ BMDCs ( Fig. 2A and B ). This defect in IFN mRNA induction was not due to a requirement for HOIL1 for MNoV replication in these cells ( Fig. 2C and D) . These results were consistent with elevated levels of MNoV CR6 in Hoil1 Ϫ/Ϫ mice in vivo and suggested a mechanism of viral control wherein HOIL1 is critical for viral sensing and the initiation of the innate antiviral response to infection.
HOIL1 is required for IRF3 phosphorylation after MNoV infection. The IRF3 transcription factor plays an important role in the induction of IFNs during viral infection and regulates persistent MNoV infection in vivo (5) . Activation of IRF3 requires phosphorylation by the TBK1 and/or IKK kinase, which induces IRF3 dimerization and translocation to the nucleus where it can initiate transcription (58) . To determine whether HOIL1 was required for phosphorylation of IRF3, HOIL1Ϫsufficient or -deficient BMDCs were collected 6, 8, and 10 h postinfection (hpi) with MNoV CR6, and IRF3 phosphorylation was assessed by Western blot analysis ( Fig. 2E ). While phosphorylated IRF3 is observed in control BMDCs at 6, 8, and 10 hpi, phosphorylated IRF3 was not detected in Hoil1 Ϫ/Ϫ BMDCs, indicating that HOIL1 is necessary for phosphorylation of IRF3 after MNoV infection. We also assessed phosphorylation and activation of the kinases for IRF3, TBK1, and IKK. We were unable to detect phosphorylation of IKK by Western blot analysis at any time point analyzed (data not shown). Low levels of phosphorylated TBK1 were detected in mock-infected BMDCs ( Fig. 2E ). By 6 hpi, TBK1 was robustly phosphorylated in control cells but to a lesser extent in Hoil1 Ϫ/Ϫ BMDCs. Phosphorylation of TBK1 was diminished at 8 hpi in the Hoil1 Ϫ/Ϫ cells and returned to levels similar to those in mock-infected cells by 10 hpi. These data indicate that HOIL1 is required for the full phosphorylation and activation of TBK1, which likely contributes to the absence of phosphorylated IRF3 in infected cells. Total levels of IRF3, TBK1, MAVS, and MDA5 proteins were not affected by HOIL1 deficiency or MNoV infection. However, expression of the LUBAC component SHARPIN was reduced in Hoil1 Ϫ/Ϫ cells as reported by others ( Fig. 2E) (26, 27, 30, 31, 34) . Together, these data show that HOIL1 is an important regulator of IFN induction via the TBK1-IRF3 pathway in response to MNoV infection of cultured dendritic cells.
HOIL1 regulates acute MNoV infection and IFN induction in vivo.
While type III IFN is critical for control of persistent MNoV infection, type I IFN plays an important role in regulating acute, systemic infection (14, 19) . To determine whether HOIL1 also restricts acute MNoV infection, control and Hoil1 Ϫ/Ϫ mice were infected with acute MNoV strain CW3 (59) . Hoil1 Ϫ/Ϫ mice exhibited higher viral loads in the mesenteric lymph nodes (MLN) 3 dpi, indicating that HOIL1 controls initial acute MNoV infection or replication in this tissue. The increased viral loads in the MLN correlated with elevated levels of IFN-␤ mRNA ( Fig. 3A and B ). In the spleen, however, the numbers of MNoV genome copies were comparable in Hoil1 Ϫ/Ϫ and control mice 3 dpi, but IFN-␤ levels were approximately twofold lower, indicating impaired IFN-␤ induction in Hoil1 Ϫ/Ϫ mice in this tissue ( Fig. 3A and B ). This relatively small change in IFN-␤ induction observed in the spleen may reflect a difference in the kinetics of infection in Hoil1 Ϫ/Ϫ mice, or it may be due to the involvement of multiple cell types and immune pathways by 3 dpi in vivo. Consistent with a reduced IFN response, viral loads were elevated in the spleens of Hoil1 Ϫ/Ϫ mice 21 dpi, indicating delayed clearance of the virus from this tissue ( Fig. 3C ). These data indicate that HOIL1 also limits acute replication and enhances systemic clearance of the CW3 strain of MNoV and contributes to IFN induction in vivo.
Independent disruption of HOIL1 also impairs IFN induction during MNoV infection. Our data demonstrating defective IFN induction in HOIL1-deficient cells were inconsistent with other published studies, which emphasized a role for HOIL1 and LUBAC in suppressing IFN induction during RNA virus infection (49, (51) (52) (53) . In addition, two recent studies reported that complete HOIL1 deficiency is embryonic lethal in mice (44, 45), similar to HOIP deficiency (40) . Consistent with those reports, we recently acquired Hoil1 (Rbck1) "knockout first" mice with conditional potential (Rbck1 tm1a(EUCOMM)Hmgu ) and observed that heterozygous matings of these mice failed to generate homozygous knockout pups (data not shown). These observations suggested that the Hoil1 Ϫ/Ϫ mice used in the present study express a truncated protein and are hypomorphic. Fujita et al. showed that mouse embryonic fibroblasts (MEFs) derived from these mice express a small amount of a 29-kDa N-terminal fragment of HOIL1 that contains the ubiquitin-like (UBL) and NZF ubiquitin binding domains but lacks the RING-IBR-RING domains (45) . We reported previously that HOIL1 mRNA levels are reduced approximately 10-fold in our Hoil1 Ϫ/Ϫ mice (23) , and here we found that full-length HOIL1 protein was not detected and SHARPIN protein levels were reduced by Western blot analysis ( Fig. 2E ), indicating that these mice are severely HOIL1 deficient. However, to confirm that our observed phenotypes were indeed due to HOIL1 deficiency, we generated an independent Hoil1 knockout (KO) cell line using CRISPR/Cas9 technology in estrogen receptor (ER)-regulated HoxB8-immortalized precursor cells, which can be subsequently differentiated into dendritic cells (DCs) (60) . First, we validated the ER-HoxB8 precursor cells and DCs for these studies by generating ER-HoxB8 precursor cell lines from Hoil1 ϩ/ϩ and Hoil1 Ϫ/Ϫ mice. After 7 days of differentiation into DCs in granulocyte-macrophage colony-stimulating factor (GM-CSF)-containing medium and infection with MNoV, induction of IFN-␤ mRNA was comparable to that observed in primary BMDCs from Hoil1 ϩ/ϩ and Hoil1 Ϫ/Ϫ mice ( Fig. 4A and 2B ). CRISPR/Cas9 targeting to Hoil1 exon 6 induced a single nucleotide deletion on one allele and a single nucleotide insertion on the second allele ( Fig. 4B ), resulting in a D231fs (frameshift) mutation for both alleles. Hoil1 mRNA was reduced by 75% in Hoil1 KO ER-HoxB8 cells compared to controls (cells transduced with an empty vector single guide RNA [sgRNA], "Vector" herein) ( Fig. 4C ). While full-length protein was not detected by Western blot analysis, truncated protein products were visible, indicating that these cells are not fully HOIL1 deficient (Fig. 4D ). However, SHARPIN protein levels were reduced, implying destabilization of the LUBAC in these cells as reported for deletion of individual components of the LUBAC (26, 27, 30, 31, 34) and observed for Hoil1 Ϫ/Ϫ BMDCs ( Fig. 4D and 2E ).
After differentiation to DCs, 99.9% of the cells were CD11b ϩ , and approximately 50% were CD11c ϩ (data not shown), indicating that the cells were heterogeneous and displayed macrophage-like, as well as dendritic cell-like, characteristics. MNoV CR6 replicated robustly in both Vector and Hoil1 KO ER-HoxB8 DCs and to similar titers as in BMDCs ( Fig. 4E and Fig. 2C and D). Consistent with our findings from primary BMDCs described above, induction of IFN-and IFN-␤ mRNA was reduced approximately 10-fold in Hoil1 KO ER-HoxB8 DCs compared to Vector DCs ( Fig. 4F and G). However, we noted that IFN-mRNA levels in Vector ER-HoxB8 DCs were considerably lower than in control BMDCs, possibly due to the heterogeneity of the ER-HoxB8 DCs, and that these cells are likely not important producers of IFN-. We were unable to detect secreted IFN-protein in culture supernatants from either cell type by an enzyme-linked immunosorbent assay (ELISA) (data not shown). Additionally, IFN-␤ transcript levels were reduced by only 10-fold in Hoil1 KO ER-HoxB8 DCs after MNoV infection ( Fig. 4F ). However, secreted IFN-␤ was detected in Vector, but not Hoil1 KO, culture supernatants 12 and 24 hpi ( Fig. 4H ). Furthermore, phosphorylation of IRF3 and TBK1 was impaired in Hoil1 KO ER-HoxB8 DCs (Fig. 4I ). Together, these data corroborate that HOIL1 is important for efficient TBK1 and IRF3 phosphorylation and IFN induction during MNoV infection in cultured dendritic cells.
The MDA5-MAVS-IRF3/7 pathway regulates induction of IFNs by MNoV. Multiple pattern recognition receptor (PRR) pathways and mediators have been implicated in the activation of IRF3 and the induction of IFN-and IFN-␤ in response to viral pathogens (61, 62) . The cytosolic double-stranded RNA (dsRNA) sensor MDA5 (IFIH1) plays an important role in the response to an acute strain of MNoV, CW3, in vitro and in vivo, whereas only a very minor role has been observed for TLR3 in vivo (18) . To assess the roles of different pattern recognition receptor signaling pathways, we studied the induction of IFNs by MNoV in BMDCs from mice deficient in genes in the TLR-and tion factors in IFN induction in response to this virus. TLR2, TLR3, TLR7, and MyD88 were dispensable for IFN-␤ induction after MNoV infection ( Fig. 5B ), supporting a primary role for the cytosolic sensors in the induction of IFNs by MNoV. ER-HoxB8 DCs generated from these knockout mice recapitulated these findings, further validating the ER-HoxB8 cell system for this study (Fig. 5B, right panel) . Additionally, the defect in IFN-␤ induction in Mavs Ϫ/Ϫ ER-HoxB8 DCs was comparable to that observed in Cd300lf Ϫ/Ϫ cells (Fig. 5B) , which lack the proteinaceous receptor essential for MNoV cell entry (63) .
Next, we asked whether the RNA sensor MDA5 also plays a major role in sensing of MNoV strain CR6 and whether HOIL1 might function in this pathway. The defect in IFNand IFN-␤ mRNA induction, as well as IFN-␤ protein secretion, in MDA5-deficient BMDCs after MNoV CR6 infection was not significantly different from that observed in HOIL1-deficient cells (Fig. 5C, D, and E) . MNoV CR6 replicated similarly in MDA5-and HOIL1-deficient cells (Fig. 5F ). To determine whether the response of these cells was due to cytoplasmic expression of viral RNA, we bypassed the entry process by trans- fection of purified viral RNA into BMDCs followed by assessment of IFN mRNA induction. MNoV RNA induced IFN-␤ mRNA expression robustly in control BMDCs, and this was approximately 100-fold lower in MDA5-or HOIL1-deficient cells (Fig. 5G) , indicating that intracellular sensing of viral RNA was critical for MDA5-and HOIL1-dependent IFN induction. Similar to HOIL1 deficiency, MDA5 deficiency completely abrogated the phosphorylation of IRF3 but only partially abrogated the phosphorylation of TBK1 at 6 and 9 hpi with MNoV (Fig. 5H) . The absence of detected phospho-IRF3 in Hoil1 Ϫ/Ϫ and Mda5 Ϫ/Ϫ cells, despite a significant induction of IFN-␤ transcripts, implies either that IRF3 is being phosphorylated at levels below the limit of detection by immunoblotting or that the combinatorial action of several transcription factors, such as IRF1, IRF5, IRF7, and NF-B, modulates IFN mRNA levels. Taken together, these data indicate that HOIL1 plays an essential role in the MDA5-dependent activation of IRF3 and induction of IFNs upon sensing of MNoV RNA in dendritic cells.
Virus-specific roles for HOIL1 in IFN induction in dendritic cells and fibroblasts. We considered that the discrepancy between our findings and published studies, which demonstrate that HOIL1 and LUBAC inhibit RIG-I-dependent induction of IFN during RNA virus infection, could be due to cell type-specific (i.e., dendritic cells versus fibroblasts) or virus-specific roles (i.e., MNoV versus SeV or VSV) for these proteins. To address the possibility of virus-specific roles for HOIL1 in IFN induction, we measured IFN induction in BMDCs infected with SeV or VSV, viruses with (Ϫ)ssRNA genomes known to be sensed primarily by RIG-I (17) . In sharp contrast to MNoV infection, IFN-␤ and IFN-mRNA induction was almost identical in Hoil1 ϩ/ϩ and Hoil1 Ϫ/Ϫ BMDCs infected at two different multiplicities of infection (MOIs) with SeV or infected with VSV ( Fig. 6A and B) . These data suggest that HOIL1 is not required for IFN induction after stimulation of RIG-I. To determine whether HOIL1 is critical for IFN induction specifically after stimulation of MDA5, we infected cells with Theiler's murine encephalomyelitis virus [TMEV, which has a (ϩ)ssRNA genome] or transfected or treated BMDCs with poly(I·C) RNA, which are sensed primarily by MDA5 (17, 54, 64) . IFN mRNA induction was significantly impaired in both Hoil1 Ϫ/Ϫ and Mda5 Ϫ/Ϫ BMDCs after TMEV infection or poly(I·C) transfection ( Fig. 6C and D) . Interestingly, IFN-␤ induction after the addition of poly(I·C) to the cell culture medium required MDA5 and HOIL1, but IFN-induction did not ( Fig. 6C and D) . This suggests that extracellular poly(I·C) treatment activates another sensor, in addition to MDA5, that leads to preferential activation of Ifnl2/3 promoters in a HOIL1-independent manner.
We also considered the possibility that HOIL1 may play cell type-specific roles in signaling pathways and cytokine induction, and several of the other studies of HOIL1 function have utilized fibroblasts. Therefore, we repeated the virus infections in adult skin fibroblasts isolated from the ear pinnae of control, Hoil1 Ϫ/Ϫ , and Mda5 Ϫ/Ϫ mice. In accordance with the data obtained from BMDCs, IFN-␤ induction during SeV and VSV did not require HOIL1 or MDA5 (Fig. 6E) . In contrast, TMEV infection, poly(I·C) RNA transfection, and MNoV RNA transfection all required both HOIL1 and MDA5 (Fig. 6E) . Although fibroblasts do not express the receptor for MNoV, mCD300LF, exogenous expression of the receptor or transfection of viral cDNA permits viral replication in cell types that are not normally permissive (63, 65, 66) . Addition of poly(I·C) to the fibroblast culture medium induced minimal IFN, indicating that cytosolic dsRNA is required for MDA5-dependent IFN induction in these cells. Taken together, these data strongly implicate HOIL1 as an essential component of the MDA5 signaling pathway, but not the RIG-I signaling pathway, required for the induction of type I and type III IFN after (ϩ)ssRNA virus infection of multiple cell types.
DISCUSSION
In this study, we found that HOIL1, a component of LUBAC, is critical for the induction of type I and III IFN during infection with MNoV, a (ϩ)ssRNA virus that induces IFNs primarily through the MDA5 signaling pathway (18) . The defect in IFN transcript induction was comparable in HOIL1-and MDA5-deficient cells. Consistently, HOIL1 was required to control MNoV viral load in gastrointestinal tissues and shedding in the stools of persistently infected mice, for the IFNLR-dependent suppression of the establishment of persistent MNoV infection by oral antibiotics (5) . Furthermore, HOIL1 was required to limit acute MNoV replication and systemic infection, as well as to modulate IFN induction in vivo. HOIL1 was required for IFN induction in response to additional MDA5 stimuli, TMEV infection, and poly(I·C) RNA transfection (54, 64) . However, we observed that HOIL1 was not required for IFN induction after RIG-I stimulation by SeV and VSV, indicating that HOIL1 plays an essential role selectively in the MDA5-dependent pathway of IFN induction. These findings identify a novel role for HOIL1 in the immune response to an RNA virus and represent the first report of a LUBAC molecule acting to stimulate a classic RNA virus-sensing pathway.
Our finding that the cytosolic RNA sensor MDA5 is critical for the recognition of MNoV strain CR6 is consistent with a prior report that MDA5 plays a major role in the induction of type I IFNs by BMDCs and in controlling viral load in vivo during infection with MNoV strain CW3 (18) . MDA5 deficiency severely impaired induction of type I and III IFNs during infection of BMDCs with MNoV strain CR6 to an extent similar to that caused by HOIL1 deficiency. The apparent absence of a role for TLR3 in vitro is also consistent with this earlier study, and indeed, several other studies have also found little role for TLR3 in autonomous sensing of cells to viral infection (67, 68) . Furthermore, IFN-␤ mRNA induction was almost completely abolished in MAVS-deficient cells, indicating that MAVS, rather than TRIF or MyD88, is the key adaptor protein during MNoV infection of BMDCs.
While MDA5-dependent induction of IFN restricts replication of MNoV CW3 in BMDCs (18) , replication of CR6 was only minimally impacted at the later stages of infection. These data may reflect differences in the sensitivity of the two viruses to type I IFN and ISGs. It is important to note that BMDCs do not express IFNLR and therefore cannot respond to IFNto induce an antiviral state. Expression of IFNLR on intestinal epithelial cells (IECs) is required to restrict CR6 enteric infection, and CR6 infects tuft cells, a specialized type of IECs, in vivo (15, 65) , as well as dendritic cells and macrophages in vitro (56) . Additional studies will therefore be required to determine whether MDA5 and HOIL1 function to restrict MNoV CR6 replication in intestinal tuft cells.
Our initial discovery that HOIL1 is required for IFN induction via MAVS after MNoV infection contrasted with several independent studies, which found that HOIL1 and LUBAC inhibit virus-induced RIG-I signaling. One report identified both RIG-I and TRIM25 as targets for linear ubiquitination, blocking the interaction between the two proteins and marking TRIM25 for degradation during SeV infection (51) . The authors utilized mouse embryonic fibroblasts (MEFs) derived from the same Hoil1 Ϫ/Ϫ mouse line used in the studies presented here, eliminating the Hoil1 targeting strategy and genetic background as potential explanations (34, 51) . They reported a twofold increase in IFN-␤ secretion by HOIL1-deficient MEFs after SeV infection, whereas we found a 100-fold decrease in IFN-␤ mRNA induction during MNoV infection of BMDCs. Other studies have also reported inhibitory roles for LUBAC during SeV, VSV, or hepatitis B virus infection of fibroblasts and have identified additional proteins in the RIG-I signaling pathway as targets for linear ubiquitination, including NF-B essential modulator (NEMO), MAVS, and IRF3 (49, 52, 53) . Additionally, linear ubiquitination of IRF3 has been shown to activate the RIG-like receptor (RLR)-induced IRF3-mediated pathway of apoptosis (RIPA) as a mechanism to limit viral replication (50) . In contrast to these reports, Liu et al. (69) identified only a minor role for LUBAC downstream of MAVS during VSV or SeV infection, which appeared to be redundant with another E3 ubiquitin ligase, TRAF2.
While initially perplexed by the disparity between our own data and these published reports, we subsequently observed no role for HOIL1 in IFN-␤ induction during SeV or VSV infection of BMDCs or adult skin fibroblasts. Therefore, we considered the possibility that differences in cytosolic receptor utilization (i.e., RIG-I versus MDA5) for sensing of RNAs from different virus types may explain the contrasting results between the various viral infection systems (70) . RIG-I can bind to and aggregate around 5=-triphosphorylated RNA and the blunt end of short double-stranded RNA. In contrast, MDA5 forms filament-like structures along long double-stranded RNA and uncapped RNA in the cytosol, allowing for the recognition of different viral infections (71) (72) (73) . Norovirus and picornavirus genomic RNA is uncapped and bound covalently to the viral protein VPg (74), and dsRNA replication intermediates or products are therefore likely to be a ligand for MDA5. Consistent with this model, we found that IFN induction by infection with a picornavirus, such as TMEV, or transfection with poly(I·C) RNA, required both HOIL1 and MDA5 in BMDCs and fibroblasts. Additional studies will be required to identify the specific RNA sequences and structures recognized by MDA5 during MNoV and TMEV infection. Our findings demonstrate that HOIL1 is a critical regulator of the MDA5-dependent pathway but plays a little role in the RIG-I-dependent pathway of IFN induction.
Since RIG-I and MDA5 utilize a common downstream signaling cascade, we speculate that HOIL1 functions to regulate MDA5 activation upstream of MDA5 binding to MAVS. RIG-I and MDA5 utilize several unique regulatory factors. For example, RIG-I is regulated by TRIM25, whereas MDA5 appears to be regulated by LGP2 (75, 76) . However, the previously identified targets for linear ubiquitination, MAVS, NEMO, and IRF3, are common to both RLR pathways, and a report indicating a redundant function with TRAF2 also places LUBAC downstream of MAVS (69) . LUBAC may therefore be required for the MDA5-dependent activation of MAVS, as well as to modulate signaling events at downstream steps to ensure tight regulation of the RLR pathways and IFN production.
One potential caveat to our findings is that the cell types used in this study express truncated forms of HOIL1, albeit at levels lower than that of the full-length protein in wild-type cells. Even though the cells derived from the mouse and by CRISPR/Cas9 mutagenesis express different protein products and are associated with partial destabilization of LUBAC, we cannot completely rule out the possibility that the truncated forms of HOIL1 that lack the RING domains possess an aberrant function. Since complete HOIL1 deficiency is embryonic lethal in mice, future studies with cell typespecific deletion of Hoil1 will be critical to fully elucidate the roles of HOIL1 in vivo and in vitro.
Together, our findings demonstrate a novel role for HOIL1 in the sensing of viral infection and induction of IFNs and suggest that HOIL1 may be important for IFN induction to limit replication of a broad array of (ϩ)ssRNA viruses sensed by MDA5. Further studies will be required to identify the relevant targets of HOIL1 and LUBAC in the MDA5 signaling pathway and to dissect the apparently divergent roles of the LUBAC during diverse viral infections.
MATERIALS AND METHODS
Generation of viral stocks and titers. Stocks of MNoV strains CR6 and CW3 were generated from molecular clones as previously described (63, 77) . Briefly, a plasmid carrying the MNoV CR6 or CW3 genome was transfected into 293T cells to generate infectious virus, which was subsequently passaged on BV2 cells. After two passages, BV2 cultures were frozen and thawed to liberate virions. Then, cultures were cleared of cellular debris and concentrated by ultracentrifugation, pelleted through a 30% sucrose cushion. The titers of MNoV stocks were determined by plaque assay on BV2 cells (63, 77) . Sendai virus Cantell strain was obtained from ATCC (VR-907) and used to infect BMDCs directly. VSV labeled with green fluorescent protein (VSV-GFP) (78) and TMEV strain GDVII were propagated in Vero cells and BHK cells, respectively, and purified by filtration of cell culture supernatant through a 0.22-m filter. The titers of VSV-GFP and TMEV stocks were determined by plaque assay on Vero cells and BHK cells, respectively.
Mice, infections, and treatments. C57BL/6J mice (catalog no. 000664) were purchased from Jackson Laboratories (Bar Harbor, ME) and housed at Washington University School of Medicine and the University of Illinois at Chicago College of Medicine under specific-pathogen-free conditions according to university guidelines. Knockout mice on the C57BL/6J background were maintained under the same conditions. Hoil1 Ϫ/Ϫ mice, with null mutations in the Rbck1 gene that encodes HOIL1, have been described previously (34) . Age-and sex-matched C57BL/6J mice or Hoil1 ϩ/ϩ littermates were used as wild-type controls for in vivo experiments. Additional mouse strains included the following: (87) were bred to Deleter-cre mice to enable constitutive expression of Cas9. Cd300lf Ϫ/Ϫ mice have been described previously (63) . Both males and females were used.
Six-week-old mice were treated with an antibiotic cocktail (1 g/liter ampicillin, 1 g/liter metronidazole, 1 g/liter neomycin, 0.5 g/liter vancomycin [Sigma, St. Louis, MO]) in 20 g/liter grape Kool-Aid (Kraft Foods, Northfield, IL) or with Kool-Aid alone for 2 weeks prior to inoculation with virus as described previously (5) . The mice were inoculated orally with 10 6 PFU of MNoV strain CR6 or strain CW3 in 25 l of Dulbecco modified Eagle medium (DMEM). Recombinant IFN-was provided by Bristol-Myers Squibb (Seattle, WA) as a monomeric conjugate comprised of 20-kDa linear polyethylene glycol (PEG) attached to the amino terminus of murine IFN-, as previously reported (7) . Mice were treated by intraperitoneal injection of 25 g IFN-diluted in phosphate-buffered saline (PBS) or PBS alone. Stool samples and tissues from euthanized mice were harvested into sterile 2-ml O-ring tubes containing 1-mm-diameter zirconia/silica beads (Biospec, Bartlesville, OK). Tissues were flash frozen in a bath of ethanol and dry ice and either processed on the same day or stored at Ϫ80°C.
Cell culture and infections. Bone marrow-derived dendritic cells (BMDCs) were differentiated in RPMI 1640 (Corning) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 1% HEPES, and 2% conditioned medium containing GM-CSF at 37°C with 5% CO 2 in a humidified incubator for 7 days. For RNA and protein analyses, nonadherent cells were harvested and infected with MNoV strain CR6 at a multiplicity of infection (MOI) of 3 to 5 (as indicated), with SeV at an MOI of 3 or 0.3 (3 or 0.3 50% egg (or egg embryo) infectious dose [EID 50 ]/cell), with VSV-GFP or TMEV at an MOI of 3 or mock infected and replated in tissue culture-treated dishes in medium without GM-CSF. To determine IFN protein levels in the cell supernatant, cells were infected with MNoV or mock infected as described above and plated at the same density in 96-well plates. Cell supernatants were harvested at 12 and 24 hpi and stored at Ϫ80°C. For treatment or transfection with purified MNoV RNA or poly(I·C), day 7 BMDCs were harvested and replated in medium containing GM-CSF in tissue culture dishes at 2.5 ϫ 10 5 cells per well. Twenty hours later, cells were mock treated or treated with 1 g MNoV RNA or 2 g poly(I·C) (Invivogen). The cells were mock transfected or transfected with 1 g MNoV RNA or 0.1 g poly(I·C) using TransIT mRNA transfection kit (Mirus). MNoV RNA for transfection was isolated from purified MNoV stocks using TRIzol-LS (Invitrogen) and treated with DNase (Ambion DNA-free kit).
Murine adult skin fibroblasts were isolated from the ear pinnae of 8-to 12-week-old mice. Ear pinnae were cut into small pieces in Hanks' buffered salt solution, digested sequentially with collagenase (type XI-S; Sigma-Aldrich) and trypsin, and passed through a 100-m cell strainer. Isolated cells were cultured in DMEM supplemented with 10% FBS, 1% L-glutamine, 0.5% penicillin-streptomycin. Fibroblasts were plated in 12-well plates at 10 5 cells/well, and 20 h later, the fibroblasts were infected with SeV (MOI of 0.3), VSV-GFP (MOI of 3), or TMEV GDVII (MOI of 3) or treated or transfected with MNoV RNA or poly(I·C) as described above for BMDCs.
At the indicated time points, the media were removed, and the cells were lysed in Tri Reagent (Sigma-Aldrich) for RNA isolation and stored at Ϫ80°C or lysed in 2ϫ Laemmli buffer for Western blot analysis, boiled for 10 min, and stored at Ϫ20°C.
For single and multistep viral growth curves, day 7 BMDCs were infected with MNoV at an MOI of 5 or 0.05, incubated on ice for 30 min, washed three times with fresh media, and replated in 24-well tissue culture-treated dishes. Dishes were transferred to Ϫ80°C at the indicated time points. Viral titers were determined by plaque assay on BV2 cell monolayers (63) .
ER-HoxB8 cell generation, CRISPR/Cas9 KO, and cell differentiation. ER-HoxB8 precursor cells were generated as described in the original methods paper (60) . Briefly, bone marrow cells were isolated over a Ficoll-plaque gradient, and transduced with a murine stem cell virus (MSCV)-based retrovirus expressing a mouse Hoxb8-estrogen receptor (ER) fusion protein (produced in PLAT-E producer cells). Transduced cells were grown in RPMI 1640 supplemented with 10% FBS, 1% L-glutamine, 1% HEPES, 1% penicillinstreptomycin, 20 ng/ml GM-CSF (Peprotech) and 1 m ␤-estradiol (Sigma-Aldrich) for at least 4 weeks.
To generate a HOIL1 knockout (KO) cell line using CRISPR/Cas9-based methods, guide RNAs were designed using the sgRNA designer tool from the Genetic Perturbation Platform at the Broad Institute. Oligonucleotides encoding an sgRNA predicted to target HOIL1 exon 6 (TGC TTC ATA CCA GCC TGA CG) were cloned into pLentiGuide-Puro (Addgene) (88, 89) . Lentiviral particles were produced in 293T cells by cotransfection of this plasmid with pMD2-G and psPAX2 and used to transduce ER-HoxB8 precursor cells generated from a Cas9-expressing mouse (87) . Transduced cells were selected with 6 g/ml puromycin. Individual puromycin-resistant cells were subcloned by limiting dilutions and screened for loss of HOIL1 expression by Western blotting.
To differentiate ER-HoxB8 precursor cells into DCs, cells were washed twice with RPMI 1640 complete medium (without GM-CSF or ␤-estradiol) to remove the ␤-estradiol, then plated, and grown in RPMI 1640 complete medium with 2% conditioned media containing GM-CSF for 7 days as described above for primary BMDCs.
Quantitation of viral genome copies and cellular gene expression by quantitative reverse transcription-PCR. RNA from stool samples was isolated using a ZR-96 viral RNA kit (Zymo Research, Irvine, CA). RNA from tissues was isolated using Tri Reagent (Sigma-Aldrich) and a Direct-zol-96 RNA kit (Zymo Research, Irvine, CA) according to the manufacturer's protocol. RNA from cultured cells was isolated using Tri Reagent according to the manufacturer's protocol. RNA isolated from cells was treated with DNase (Ambion DNA-free kit) prior to cDNA synthesis. Five microliters of RNA from stool or 1 g of RNA from tissue or cells was used as a template for cDNA synthesis with ImProm-II reverse transcriptase (Promega, Madison, WI). MNoV TaqMan qPCR assays were performed as described previously (90) . Quantitative PCR (qPCR) for Ifnb1 and Hoil1/Rbck1 was performed using predesigned 5= nuclease probe-based assays Mm.PT.58.30132453.g and Mm.PT.58.30767649, respectively (Integrated DNA Technologies). Ifnl2/3 transcripts were detected using predesigned probe-based assay Mm04204156_gH (Applied Biosystems). MNoV genome quantities from tissue samples and IFN transcripts were normalized to housekeeping gene ribosomal protein S29 (Rps29). When possible, a ΔΔC T analysis was performed and presented as fold change relative to the values for mock-infected cells. Ifnl2/3 transcripts were not detected in untreated cells and therefore presented as Ifnl2/3 transcripts/Rps29 transcripts. qPCR for Rps29 was performed with forward primer 5=-GCA AAT ACG GGC TGA ACA TG-3=, reverse primer 5=-GTC CAA CTT AAT GAA GCC TAT GTC-3=, and probe 5=-/5HEX/CCT TCG CGT/ZEN/ACT GCC GGA AGC/3IABkFQ/-3= (Integrated DNA Technologies), using AmpliTaq Gold DNA polymerase (Applied Biosystems). qPCR standards were generated using ORFeome Collaboration Mus musculus Ifnl3 open reading frame (ORF) clone identifier (ID) 100014638 (Dharmacon) for Ifnl2/3, and a gene block containing the sequence TTTTTCACGCCACCGATCTGTTCTGCGCTGGGTGCGCTTTGGAACAATGGATGCTGAGAC CCCGCAGGAACGCTCAGCAGTCTTTGTGAATGAGGATGAGTGATGGCGCAGCGCTTTTTGCAAATACGGGCTGAAC ATGTGCCGCCAGTGCTTCCGGCAGTACGCGAAGGACATAGGCTTCATTAAGTTGGACTTTTT for Rps29 and MNoV (Integrated DNA Technologies).
Immunoblot analyses. Cells were lysed in 2ϫ Laemmli buffer (4% SDS, 10% ␤-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, and 0.125 M Tris-HCl [pH 6.8], 2ϫ Halt protease, and phosphate inhibitor [Thermo Fisher Scientific] was added immediately before use), boiled for 10 min, and stored at Ϫ20°C. Proteins were separated by SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane, blocked with either 5% bovine serum albumin (BSA), or 1% or 5% nonfat dried milk in Tris-buffered saline (TBS) containing 0.1% Tween 20. The membranes were incubated with the following primary antibodies: anti-HOIL1 (NBP1-883001; Novus Bio), anti-phospho-IRF3 (29047S; Cell Signaling Technology), anti-IRF3 (ab68481;Abcam), anti-phospho-TBK1 (5483S; Cell Signaling Technology), anti-TBK1 (3504S; Cell Signaling Technology), anti-MDA5 (AL180; AdipoGen), anti-beta-actin (A5316; Sigma-Aldrich), anti-SHARPIN (14626-1-AP; Proteintech), and anti-MAVS (ab31334; Abcam). This was followed by incubation with the appropriate secondary antibody: goat anti-rabbit IgG conjugated to horseradish
